The niche in which stem cells reside and differentiate is a complex physicochemical microenvironment that regulates cell function. The role played by three-dimensional physical contours was studied on cell progeny derived from mouse embryonic stem cells using microtopographies created on PDMS (poly-dimethylsiloxane) membranes. While markers of differentiation were not affected, the proliferation of heterogeneous mouse embryonic stem cell-derived progeny was attenuated by 15 m-, but not 5 m-high microprojections. This reduction was reversed by Rho kinase and myosin light chain kinase inhibition, which diminishes the tension generating ability of stress fibers. Purified cardiomyocytes derived from embryonic stem cells also showed significant blunting of proliferation and increased beating rates compared with cells grown on flat substrates. Thus, proliferation of stem cell-derived progeny appears to be regulated by microtopography through tension-generation of contractility in the third-dimension. These results emphasize the importance of topographic cues in the modulation of stem cell progeny behavior.
INTRODUCTION
The microenvironment of a developing embryo has a three-dimensional surface topography and an abundance of extracellular matrix proteins (Timpl, 1996) that alter the phenotype and function of developing cells (Scadden, 2006) . Cells, for example, require internal contractility rather than adhesivity to sort according to tension, with lower for endoderm and higher for mesoderm (Krieg et al., 2008) . In general, physical effects of the local niche microenvironment are less well understood than the effects of soluble, molecular factors on cell growth, differentiation, and proliferation. Improved understanding of the complex physicochemical niche thus is needed to harness the potential of stem cells and their derivatives for regenerative medicine (Watt and Hogan, 2000; Forouhar et al., 2006) .
Physical links by cells from the extracellular matrix and neighboring cells coordinate cell growth, differentiation, and apoptosis and involve the intracellular mechanics of the cytoskeleton (Ingber, 2006; Engler et al., 2009) . The rigidity of the substrate alone influences proliferation and migration of epithelial cells (Saez et al., 2007) and the fates of multipotent stem cells (Engler et al., through force transmission by means of transmembrane integrins in the focal adhesions attached to the substrate that trigger a plethora of intracellular signaling pathways remodeling of the interior cytoskeleton (Chen et al., 2004) . Thus, tensional forces within cells are potent regulators of contractile stress cable assembly in many cells and specialized myofibrils in muscle (Samarel, 2005) .
Topography aligns or guides a variety of cell types, including endothelial cells, epithelial cells, fibroblasts, oligodendrocytes, and astrocytes (Bettinger et al., 2006; Cheng and LeDuc, 2006) . Surface microtopography has significant effects on behavior of neonatal and adult cells (Motlagh et al., 2003a; Boateng et al., 2003; Thakar et al., 2008) . Physical constraints created by microwells control stem cell growth and homogeneity (Karp et al., 2007) . Even topographies in the nanometer scale affect cell behavior such as decreased proliferation of smooth muscle cells (Yim et al., 2005) and contact guidance of human embryonic stem (ES) cells altering cell shape (Gerecht et al., 2007) .
ES cells from mouse and human have an almost unlimited capacity to proliferate in vitro and can give rise to many cell types (Wobus and Boheler, 2005) . In the undifferentiated state, ES cells do not seem to be subject to physical cues, as these cells are not contact inhibited in vitro (Gammill and Bronner-Fraser, 2002) . Loss of self-renewal, activation of differentiation, and lineage commitment are, however, associated with adhesivity, a decrease in pluripotency, upregulation of differentiation markers, and important physiological changes that include an increased potential for cell death and checkpoint-apoptosis coupling (Yamanaka et al., 2008a) . Because the niche environment can affect differentiation, we hypothesize that ES cells differentiating in vitro sense physical cues that have the potential to alter their physiological status.
The work presented here investigates the effect of microprojections selected to be in the micron size range found in the cells and tissues of the developing embryo. The data demonstrate that the local physical microenvironment regulates proliferation and cell function of mouse ES (mES) cell progeny and one of its lineages, the cardiomyocyte, through the role played by cell contractility.
RESULTS

Response of Heterogeneous mES Cell Progeny Near Microprojections
R1 and syNP4 embryonic stem cells were differentiated using a hanging drop technique to allow formation of embryoid bodies (EBs) and generation of cardiomyocytes. After the initial 2-day aggregation step, EBs were transferred to suspension culture for 5 days, followed by plating on gelatin coated dishes for 4 days. Plated EBs generally displayed spontaneously contracting areas within one to two days of plating; however, the majority of cells were not cardiomyocytes. This heterogeneity could be demonstrated through analysis of RNA and cellular proteins. By immunostaining, Oct-4-(pluripotency marker), SSEA-1-(pluripotency and early differentiation marker), nestin-(ectoderm marker), and Brachyury-(mesoderm marker) positive cells were identified in these mixed cultures (Fig. 1A-D) , and when plated on textured PDMS (polydimethyl-siloxane) membranes with the microprojections, shown by profilometry (Fig. 1F) . By reverse transcriptase-polymerase chain reaction (RT-PCR) 3-4 days after plating and as previously reported, Brachyury, the skeletal muscle specific marker MyoD, and Sox17 (pan-endoderm marker) were detectable at this time point, but transcripts encoding the neuroectoderm-specific marker Sox1 were not observed (Yamanaka et al., 2008b) . Transcripts encoding cardiac-associated proteins (Gata4, atrial natriuretic factor, ␣-myosin heavy chain, myosin light chain [Mlc] 2a and Mlc2v), and sarcoplasmic reticulum calcium ATPase type 2 and ␤-tubulin (nonspecific cell markers) were also relatively abundant in this nonselected cell populations (Fig.  1E ). These findings demonstrate that these cultures consist of a highly heterogeneous mix of cells from multiple lineages, including cardiomyocytes, and in various stages of differentiation.
Four days after plating, mixed cell populations were dissociated and transferred to either flat or textured elastomeric membranes. The overall appearance of disassociated mES progeny plated on the 15-m-high microtopographies with center-to-center spacing of 35 m (T35-15) or 75 m (T75-15) was similar in all cases. Although diverse, individual living cells were similar in shape and size under all conditions when viewed by phase microscopy; however, an apparent difference in cell density was observed. Although this might be attributable to altered cell adherence, apoptosis, or proliferation, we focused on proliferation because of previous publications showing that microtextures could decrease proliferation (Boateng et al., 2003) . As an indirect measure of cell proliferation, cells were incubated for 1 hr with the thymidine analog BrdU (5-bromo-2Ј-deoxy-uridine; or EdU [5-ethynyl-2Ј-deoxyuridine]), which is only incorporated during DNA replication. After propidium iodide counterstaining, cells that incorporated BrdU were green, while unlabeled cells were red (Fig. 2) . Using this assay, cells showed marked differences in BrdU incorporation that depended on the texture. BrdU incorporation was significantly (P Ͻ 0.005) more abundant in cells cultivated on flat surfaces ( Fig. 2A) than those cultured on 15-m-high microtextured (35 m apart) surfaces (Fig. 2B) .
Cells grown on the 75-m-spaced microprojections appeared similar to the control flat surfaces and did not show significant differences in overall BrdU incorporation of heterogeneous mES cell progeny (Fig 2C) . However, upon further inspection, the cells closer to the microprojections had fewer green nuclei, suggesting localized control of proliferation. To quantify this observation of proximity, a circle was drawn with the perimeter 15 m from the microprojections to sort cells as "near" or "far" (Fig. 2D) . Cells within the yellow circles were considered "near" a microprojection while cells outside of all circles were considered "far" from a microprojection. BrdU incorporation was significantly different depending on proximity. Incorporation was 1.92 Ϯ 0.18 (n ϭ 3; P Յ 0.01) fold greater in the cells distant from the microprojection compared with those closer. Noting that the flat intervening space beyond the 15-m yellow circles has a flat surface, additional comparisons were made. The proportion of cells proliferating on the flat membranes (35.9 Ϯ 2.02%; n ϭ 3) was similar to those distant from the microprojections (38.1 Ϯ 0.08%; n ϭ 3), and the cells on the 35-m-spaced microprojections (18.5 Ϯ 1.31%; n ϭ 3) were similar to those near the microprojections (20.4 Ϯ 2.61%; n ϭ 3) (Fig.  2E ). Note, these results are not due to the method of measuring proliferation because reproducible results are found with both stains. Cells on the flat membranes showed a 1.98 Ϯ 0.25 (n ϭ 3; P Յ 0.005) and 2.58 Ϯ 0.20 (n ϭ 4; P Յ 0.001) fold increase in BrdU and EdU incorporation, respectively, compared with the cells grown on the 15-m microprojections spaced 35 m apart.
Heterogeneous mES Cell Response to Height of Microprojections
Cells grown on flat and textured PDMS membranes with 75-m tetragonally spaced, 5-m-high microprojections (T75-5) are shown (Fig. 3) . EdU was incorporated into cells and was quantified with respect to proximity to the microprojection to determine whether this lower 5-m microprojection height has the same effect as the greater 15-m height. In contrast to the higher microprojections, the de- crease in EdU incorporation was absent in cells "near" the microprojections compared with the cells "far" from the microprojection with this lower height. With the lower 5-mhigh microprojections, there was no significant difference in EdU incorporation between cells distant from the microprojection compared with near the microprojection with 35.6 Ϯ 7.6% and 33.2 Ϯ 5.2%; n ϭ 3, respectively; P ϭ 0.81 (Fig. 3C) .
Rho Kinase Inhibition Effects on Proliferation
The role of Rho kinase in the attenuation of proliferation due to microprojections was assayed by using the Rho kinase inhibitor, Y-27632 (Fig. 4) . Cells grown on 15-m-high, 35-mspaced microprojections and treated with Y-27632 for 48 hr had more EdU incorporation, detected as a turquoise (blueϩgreen) stain of dividing vs. the blue stain of nonproliferating nuclei (Fig. 4B,E) , than the untreated cells (Fig. 4A,D) . Quantification of EdU for Y-27632 treatment on 15-m-high, 35-m-spaced projections (40.42 Ϯ 3.17%; n ϭ 3) confirmed a significant, nearly three-fold increase over untreated cells (14.23 Ϯ 1.48%; n ϭ 3; Fig. 4G ). Of interest, with the Y-27632 treatment of cells grown on flat surfaces (Fig. 4A ,B,G), there was also a significant increase in proliferation (flat untreated, 36.1 Ϯ 2.22%; n ϭ 4; flat treated with Y-27632; 50.4 Ϯ 2.39%; n ϭ 3; P Ͻ 0.01). However, treated groups of cells on flat and 15-m-high microprojections showed no significant difference with both groups being highly proliferative; flat, 50.4 Ϯ 2.39%; n ϭ 3; and textured, 40.4 Ϯ 3.17%; n ϭ 3 (P ϭ 0.06).
Myosin Light Chain Kinase Inhibition Effects on Proliferation
The role of myosin light chain kinase on the blunting of proliferation caused by the microprojections was investigated using the drug ML-7, a myosin light chain kinase inhibitor. EdU incorporation showed that ML-7 also attenuated the influence the microprojections have on proliferation (Fig. 4C,F,H) . Proliferation increased three-fold on the membranes with 15-m-high microprojections from 14.2 Ϯ 1.48% in the untreated group to 39.1 Ϯ 6.06% in the ML-7 treated group (n ϭ 4; P Յ 0.01). Treatment with 5 M of ML-7 had no effect on proliferation of cells grown on flat PDMS as seen by EdU incorporation of 37.2 Ϯ 2.98% with treatment compared with 36.1 Ϯ 2.2% (n ϭ 4; P Յ 0.8) without treatment. Therefore, the effect the microprojections have on proliferation is eliminated in the presence of ML-7.
Response of Cardiomyocytes Derived From ES Cells to Microprojections
In the mixed cultures of differentiated R1 ES cells, markers of cardiomyocytes were present ( Fig. 1E ) and spontaneous contractions were observed. Similar results were seen with cells from clone syNP4, but through the addition of puromycin, these contracting and transiently proliferating cardiomyocytes could be selectively purified. After addition of puromycin, contractions continued to be observed and cells were positive for ␣-actinin (Fig.  5A ) and other cardiac markers, consistent with our previous report (Yamanaka et al., 2008b) . Importantly, the selected and replated cardiomyocytes cultivated on the textured surfaces were different from those grown on identically treated flat PDMS membranes. On the flat surfaces (Fig.  5C ,E), cells were typically present in larger clusters, while on the textured surfaces (Fig. 5D,F) , they were distributed into small, medium, and large groups. Sarcomeric structures in these early cells are poorly formed, which is typical of relatively immature cells but were slightly more pronounced when plated on textured membranes (Fig. 5C,D) . However, cardiomyocytes plated on flat vs. textured membranes are phenotypically different in proliferation and beating. Cells on flat PDMS membranes were compared with those on 15-m-high microprojections spaced 35 m apart to determine whether these immature cardiomyocytes were proliferating and whether they too could be blunted by the topography (Fig. 5D ). Cardiomyocytes were seen proliferating on flat membranes with EdU assay values of 15.9 Ϯ 3.19% (n ϭ 3). Some cardiomyocytes (with red ␣-actinin staining) were proliferative (EdU positive) but most were not (Fig. 5C ). This was significantly different from that seen on the textured membranes (Fig. 5B) as only 5.4 Ϯ 1.38% (n ϭ 3) were EdU positive, resulting in a fold increase of 3.6 Ϯ 1.6 when cardiomyocytes grown on flat membranes are compared with the microtextured membranes (n ϭ 3; P Յ 0.05).
Video microscopy was then used to quantify the effect of microprojections on the beating rates of the cardiomyocytes with phase images (Fig. 5E,F ; Supp. Videos S1-4, which is available online). In most instances, the beating rate was steady for the half-minute duration of recording. Arrhythmias were detected in both but more often on the flat membranes. There was no significant difference in the means of the beating rates (flat, 48.3 Ϯ 15.7, textured, 83.8 Ϯ 24.1, n ϭ 5; P ϭ 0.26, not significant) with a fold difference of 1.8 Ϯ 0.2 between textured and flat. However, differences in the coefficients of variance were found to vary greatly with values of 0.50 and 0.21 for the textured and flat, respectively, indicating there was much more variability in the beating of the variably sized clusters of cells on the textured surface than on the larger groups found on flat ones (Fig. 5G ).
DISCUSSION
In this study, we have shown that proliferation of heterogeneous mES cellderived progeny was attenuated by variations in microtopography. This result depended on the height and spacing of the microprojections, as 15-m-but not 5-m-high microprojections inhibited proliferation. Regulation required cell contractility because Rho kinase or myosin light chain kinase inhibition of stem cell progeny reversed the effect of the microprojections. One specific cell lineage, cardiomyocytes, derived from embryonic stem cells was chosen for a more detailed study. Consistent with the observations from the mixed cultures, microprojections attenuated the proliferation of cardiomyocytes, and their beating rates varied more than when grown on flat substrates. Thus, the behavior of heterogeneous stem cell derivatives and one specific cell type appear to be modulated by physical cues in vitro.
Cell Proliferation Is Attenuated by Height of Microprojections
The proliferation of ES cell-derived progeny is halved when near 15-mhigh microprojections. Contact attenuation thus appeared more like adult cells (Boateng et al., 2003; Thakar et al., 2008) than for undifferentiated cultures of ES cell, which are not contact inhibited in vitro (Gammill and Bronner-Fraser, 2002) . Human embryonic stem cells grown on topography with features 0.6 m showed alignment but proliferation was not significantly different after 48 hr (Gerecht et al., 2007) .
The differential influence of the height of topography has been seen in neonatal cardiomyocytes grown on shallow 2-m grooves that had partial alignment, whereas full alignment required deeper, 5-m grooves (Motlagh et al., 2003a) . One possibility is that the microprojections alter the distribution or mean area of focal adhesions compared with flat two-dimensional substrates, consistent with the finding that focal adhesion size correlates with generation of cell traction and traction-dependent behaviors (Balaban et al., 2001 , Tan et al., 2003 . The vertical microprojection may provide a geometry that favors three-dimensional anchorage of contractile elements, such as stress cables and myofibrils, thus enhancing the ability of cells to transmit the force that they generate (Kumar et al., 2006; Motlagh et al., 2003b) .
The physical barrier imposed by the microprojections may foster clustering of cells. As seen previously with fibroblasts (Boateng et al., 2003) , once a cell attaches to a microprojection it seldom leaves so that cells accumulate near a microprojection. Cluster size could indirectly contribute to the decrease in proliferation by expanding the opportunity for cell adhesion or paracrine/autocrine signaling. Due to the confounding and complicated mechanisms involved in these interactions, additional thorough investigation is needed to sort out the direct role of microtopography from indirect factors like cell clustering. 
Role of Cell Contractility
The differences in proliferation between cells grown on flat or microprojection substrates were reversed when the tension generating ability of the stress fibers was reduced pharmacologically by the Rho kinase (ROCK) inhibitor, Y-27632, or the myosin light chain kinase inhibitor, ML-7. Surprisingly, ES cell progeny on flat membranes actually proliferated more with Rho kinase inhibition, suggesting that the inhibitor, Y-27632, commonly used to study the effect of cellular tension has broader effects. Indeed, Rho kinase is involved in other cell functions such as disassembly of intermediate filaments (Mabuchi et al., 1993) , stabilization of actin filaments (Bishop and Hall, 2000) , and in cytokinesis (Takaishi et al., 1995) . Furthermore, Y-27632 has effects on other kinases with numerous subcellular actions, e.g., CaMKII, PKC, and cAMPdependent kinase (Tamura et al., 2005) . Therefore, to further isolate the influence of the tension generating mechanisms, a more specific contractility blocker was used. Phosphorylation of myosin light chain activates myosin ATPase activity to generate tension (Kawano et al., 1999) , which can be specifically inhibited by ML-7. The hypothesis that tension generation in the third-dimension blunts proliferation is supported by ML-7 inhibition of ES progeny.
Microtopography Affects Proliferation and Beating Rates of Cardiomyocytes Derived From ES Cells
The population of ES cell progeny is heterogeneous and contains many cell types, including a small percentage of cardiomyocytes. To determine whether the effects of microtopography on proliferation and cell physiology could be observed in a specific cell lineage, syNP4 ES cell-derived cardiomyocytes were purified through the addition of puromycin. Cardiomyocyte proliferation was then assayed by EdU incorporation into cells actively synthesizing DNA. A nearly three-fold reduction in EdU incorporation was observed in cells cultured on 15-mhigh, 35-m-spaced microprojections compared with cells plated on flat PDMS surfaces. We had previously shown that pharmacological selection yields early ES cell derived cardiomyocytes that are 98% pure (Yamanaka et al., 2008b) . The cells are initially proliferative and more than double in number within 3 days. The proliferative capacity subsequently decreases significantly concomitant with an increase in markers associated with contact inhibition within 1 week of selection and plating (Yamanaka et al., 2008b) . At the time points examined and based on the incorporation of EdU into cells plated on flat membranes, the syNP4-derived cardiomyocytes would be expected to actively proliferate. Based on our previous publication, binucleation should maximally be observed in approximately 2-7% of the cells. While it is possible that some of the decrease in EdU incorporation observed on PDMS surfaces containing microprojections can be attributed to a loss of binucleation, the three-fold reduction in EdU uptake reported here (see Fig. 5 ) cannot be accounted for by this possibility alone. We, therefore, conclude that the decrease in DNA synthesis is due primarily to a loss of cardiomyocyte cell proliferation, and not to multinucleation or a decrease in DNA synthesis without cytokinesis.
The heterogeneity of beating rates of cardiomyocytes derived from ES cells is puzzling but might be related to cell anchorage, given the recent report that ES cell beating rates is related to underlying stiffness of the matrix (Engler et al., 2004 (Engler et al., , 2008 . Rates of cardiomyocytes derived from ES cells typically resemble primary myocardial-like cells early after differentiation. Nodal, atrial, and ventricular-like cells are not found until they are more terminally differentiated (Boheler et al., 2002) . Of the terminally differentiated cardiomyocytes, the ventricular-like cells beat the slowest while the nodal and atrial like cells beat more quickly (Antoon et al., 2003) . Newly derived cardiomyocytes also do not have fully matured calcium handling machinery, which can lead to arrhythmic beating (Fu et al., 2006) . It is likely that the cardiomyocytes remain adhered to the microprojections because of the stability provided by the third-dimension as seen for fibroblast by video microscopy (Boateng et al., 2003) . Therefore, the high variance in beating rates in the cardiomyocytes cultured on microprojections might result from isolation of cells with highly distinct calcium handling profiles or in some way differentially induced by the microtopography. Conversely, continued migration and adherence permits large clusters of cells that are driven by the fastest, strongest, pace-maker-like cell, among them. Therefore, differences in sizes of cardiomyocyte clusters resulting from the microprojections may be a reason for the differences in proliferation and beating rate distribution, and closer investigation of this complicated phenomenon is needed.
CONCLUSION
Remarkably, microtopography attenuated the overall proliferation of early heterogeneous ES cell progeny, and cardiomyocytes in particular, with higher microprojections being more effective than lower. From the data presented, it remains unclear when ES cell progeny first become sensitive to the physical microenvironment, and future studies will be required to address this issue. Tension-generation in the third dimension within cells is necessary to cause this attenuation of proliferation. This suggests that physical constraints directly, or indirectly by their ability to alter cell clustering, may play a critical role in the loss of proliferative capacity. It is, however, likely that the loss of pluripotency and acquisition of a more differentiated phenotype is associated with these responses. Irrespective of the mechanism, these data firmly establish that microtopography can affect both the function and phenotype of differentiating cells.
More importantly, both embryonic and adult stem cell derived cardiomyocytes (and other progeny) have been advocated for regenerative medicine to treat heart failure (Yamanaka et al., 2008a) . However, the ability of these cells to regenerate damaged myocardium may be limited by physical constraints that actively attenuate proliferation in the local niche environment (Chien et al., 2008) . Novel findings herein add support to the notion that microscale topography, in addition to stiffness, can affect stem cell progeny phenotypes. The data, furthermore, suggest that microscale cues can be exploited to control the stem cell niche for regenerative medicine applications.
EXPERIMENTAL PROCEDURES
Fabrication of Microtextured Substrates
The fabrication of the parylene microtextured molds has been previously reported (Deutsch et al., 2000) . Microtextured surfaces with microprojections of different heights and spacing were created using photolithography, with one example shown in Figure 1 . A 5-m-thick (SU-8 2005, Microchem) or 15-m-thick (SU-8 2015) layer of photoresist was created by spin coating per manufacturer's instructions. To ensure that the photoresist did not delaminate from the silicon wafer, approximately 1 ml of hexamethyldisilazane was spun on a clean silicon wafer at 6,000 RPM for 50 sec before addition of photoresist. A layer of parylene was deposited on the patterned photoresist and peeled off, resulting in reusable mold. Liquid polydimethyl-siloxane (PDMS) is spread over the parylene mold, cured, and gently removed, resulting in flat or textured, elastomeric membranes.
Several microtopographies were created in PDMS: 15-m-high microprojections with tetragonal spacing of 35-m center to center (T35-15); 15-m-high microprojections with tetragonal spacing 75-m center to center (T75-15) or 5-m-high (T75-5). The 5-m height of microprojections allowed cells to extend over the top edge of the microprojections while still providing a vertical substrate for attachment, whereas cells were only able to extend up to, but not higher than, the 15-m microprojections. The microprojections in all designs were circular with a 15-m diameter. Flat two-dimensional sheets of PDMS were made to ensure the same surface properties. The PDMS was oxidized using a plasma oxygen treatment. Experiments were then conducted to determine the extracellular matrix protein that performs best with the PDMS membranes. Gelatin, fibronectin, laminin, and a combination of the latter two were tested for two parameters: cellular attachment to PDMS and capacity for mES cells to differentiate into cardiomyocytes. Fibronectin at a concentration of 12.5 g/ml showed excellent cellular attachment, and there was no change in cardiomyocyte differentiation compared with the control conditions of 0.01% gelatin on polystyrene dishes.
mES Cells
The mES cells of the R1 line and syNP4 (NCX1-PAC-Resistant) line were cultivated on mitotically inactivated mouse embryonic fibroblast feeder layers and differentiated using the hanging drop technique as previously described Yamanaka et al., 2008b) . Hanging drops were used with a beginning concentration of 600 mES cells per 20 l. The resulting embryoid bodies within the hanging drops were washed into Petri dishes coated with PDMS, to prevent adhesion, and incubated in suspension for 5 days. The 24-well plates were coated with gelatin and plated with individual embryoid bodies at day 7. Contraction was seen at 24 -48 hr after plating, that is at day 7ϩ1 or 7ϩ2.
The syNP4 cell line has a puromycin resistant cassette incorporated into the promoter for the sodium calcium exchanger (NCX1) gene, which is only transcribed in cardiomyocytes, so that when ES cells differentiate, a relatively pure population of cardiomyocytes can be purified by the addition of puromycin (Yamanaka et al., 2008b) . Pharmacologic selection of cardiomyocytes from the syNP4 (NCX-PAC-Resistant) line was initiated by addition of 2.5 g/ml puromycin on day 7ϩ2 as described. Whether or not cardiomyocyte selection was induced, on day 7ϩ4 embryoid bodies are scraped from the wells, disassociated with collagenase , and the cells were plated onto the desired PDMS membranes coated with fibronectin (12.5 g/ml).
RT-PCR
The relative abundance of RNA transcripts was determined after reverse transcription as described previously (Tarasova et al., 2006) . Total cell RNA was extracted using Trizol (Invitrogen) followed by DNAse treatment. cDNA synthesis was performed with 500 ng of total RNA using a High Capacity cDNA Archive Kit (Applied Biosystems). Primer sequences and reaction conditions were taken from Tarasova et al. (2006) and Yamanaka et al. (2008b) .
Cardiomyocyte Beating
Video microscopy was used to determine the beating rates of cardiomyocytes on flat or textured surfaces. Cardiomyocytes derived from mES cells were removed from the incubator and placed on a phase microscope under a heat lamp that maintains the microscope stage at 37°C. Videos were recorded of contracting aggregates for approximately 30 sec before moving to the next group of cells. The dishes were outside the incubator for no longer than 5 min, after which, the cells were returned for at least 15 min before resuming recording of remaining aggregates.
Contractility Interventions
Cytoskeletal contractility is mediated through the RhoA pathway by means of interactions with Rho kinase and myosin light chain kinase (Katoh et al., 2007) . To disrupt cell contractility, the Rho pathway was interrupted by 5 M addition of a Rho Kinase specific inhibitor, Y-27632 (Cal Biochem) after 2 days in culture. Myosin light chain kinase, also essential for the cell contractility (Fazel et al., 2006) , was inhibited by 5 M addition of its specific inhibitor, ML-7 (Sigma Aldrich), after 2 days in culture. The cells were then incubated for 2 more days before proliferation assays were conducted.
DNA Replication Assessment With BrdU or EdU Incorporation
Cells were cultured for 4 days after disassociation and plating on PDMS. Two methods were then used to assess cell proliferation: initial experiments used a 1-hr incorporation of BrdU (5-bromo-2Ј-deoxy-uridine, 10 m, Roche Diagnostics) or a 1-hr incorporation of 5-ethynyl-2Ј-deoxyuridine (EdU, 10 m, Invitrogen Corp.). Once incorporation was complete, the PDMS mem-branes were removed from each dish, mounted onto glass slides with Vectashield Mounting Medium for nuclear staining with propidium iodide (Vector Labs) for the BrdU marked cells, or with DAPI (4Ј,6-diamidino-2-phenylindole, Invitrogen) for the EdU method. Similar quantitative results were obtained with both methods but EdU was used in later experiments because of its simplicity.
Imaging
Cells were visualized with confocal microscopy with ϫ25 or ϫ63 objectives (Zeiss LSM 510) using an unbiased raster pattern to acquire images of 500 cells per slide. A series of images in the "Z" plane were taken and stacked to determine the cell height in relation to the microprojections. The images were analyzed using the Cell Counter plug-in for the Image J software program (NIH) in which the number of cells BrdU or EdU positive were compared with the total number of cells.
Immunocytochemistry for Differentiation
The mES cells were washed in Ca 2ϩ and Mg 2ϩ free phosphate buffered saline (PBS) fixed in 4% paraformaldehyde/PBS for 10 min at room temperature followed by permeabilization in Triton X-100 for 20 min. Oct-4 and ␣-actinin were detected with polyclonal antibodies (Abcam) diluted at 1:400 in 3% bovine serum albumin (BSA)/PBS. The cells were rinsed in PBS and blocked in 3% BSA/PBS for 1 hr before incubation with a secondary antibody conjugated with a fluorophore with either 488-nm or 568-nm emission wavelength at 1:500 dilution. All dishes were rinsed for 5 min three times and mounted to slides with DAPI as described above.
Statistical Analysis
All values are means Ϯ standard error of the mean. Conditions were conducted in multiples of at least three for each variable. All values of significance were calculated using one-way analysis of variance. Differences among means were considered significant at P Ͻ 0.05. Data are analyzed using Microsoft Excel and GraphPad Prism software.
